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ABSTRACT - Histologic sequences in the liver of rodents exposed by inhalation o
gascous viny) chloride were compared 10 the lesions in man exposed (o the same
agest, mainly in vingl chloride poly menization plants. An identical sequence,
starting with circumscribed profiferation of hepatucytes, soon followed by
profifiration of a variety of sinusnidal vells and freguemtdy associated with
sinusaidal dilatation, progresses 1o intralobular and more freguendy to trabe-
guler wagiosarcoma. Predominantly in young snimals and rarely in man,
hepatocellular carcinoma develops, but never cirthosts. The sequence represents
a dynamic process of competition between proliferating hepatocytes sad
sinusoidal 2ells. of hepatocytes with fibroplasia, between perisinusoidal fibrosis
and singsoidal dilatation, and of profiferation of virious sinusoidal cells versus
angiusarcama. The yreat similarity in the evolution in man and rodents, rarely
enccuniered in other experimental models, supports the prediction of human
cancer from animal experiments. Ths precursor nodules diffec from the nodules
commonly observed in hepatocarcinogenesis by co-proliferation of sinusoidal
¢elis. The dilferences in the reactions berween man and rodents bespeak a st:ong
fibroblastic reactivity in man, Most Important, the precursor lesion of mixed
hepiloeclular and siouseidal cell profiferation may Ye of dingnostic value, being
SUPLTIOT Lo conventional hepatic tests in dotection of sams initial environmeatal
lesicas.
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Less than ten years ago, the relation betwesn

* vinyi chioride and hepaiic angiosarcoma, a rar:

human wmor, became apparent when the tu-
mor was discoversd in a relatively small work

force in plants in which gascous vinyl chioride

was polymerized to polyviny] chloride (1). This

finding was precedad by the obstrvation {2) that
prolonged inhalotion of gaseous vinyl chioride
produced in rodents various tutmors, of which

-hepatic angiosarcoma was outstanding. Subse-
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A POPPER ET AL.

quent study of extensive material of human
angiosarcomas Jollowing cxposure 1o vinyl
chioride demonstrated a sequence (3, 4) from a
hepatic precursor lesion frequently associated
with portal hypertension and its common se-
quelae, such as csophageal variceal bleeding (5,
6), to angiosarcoma. By now, worldwide, less

than 00 instances of hepatic angiosarcoma:

have been associated with vinyl chloride expo-
surc. The ridentical sequence was, however,
found also in man exposed therapeutically (7, 8)
or occupationally (9) to inorganic arsenicals or

to androgenic/anabolic steroids {10) and after ~
... administration  of ‘thorotfast, for_foentgeno: ..
graphic purposes (11), but, furthermore, in

persons without established etiology, in whom,
therefore, unknown environmental factors were
incriminated (4). One instance of copper-related
angiosarcoma was reported (12), and thers are
sare instances of association of angiosarcoma
with hemockromatosis of unknowr etiology
(13, 14, 15).

Various descriptions of the earlicr lesions
induced by vinyl chloride (16, 17) and of

. angiosarcoma (16, 18, 19, 20) in expzrimental

animals have been published and the similarity
of human and experimental lesions was referred
to in a monograph (21). Therefore, the parallel

szquences in the liver of man and of rodents
‘(rats and mice) exposed to vinyl chloride were

compared in order: (a) to review the pathologic
features induced by vinyl chloride; (b) to doc-
ument similarities in evolution from precursor
lesions to malignant siates produced by the
same agent in man and experimental animals,

»

garely available with other agents, and thus 1o
enforce the extrapolation from experimental
hepatic tumeors to man; (c) to compare the
evolution with that caused by other earcino-
genic agents, thus contributing o the study of

" carcinogenesis in gencral; (d) to provide his-

1ologic ¢riteria for precursor changes which

' may also be important in the recognition of the

effect of agents other than the ones mentioned
above; such agents, particularly those of in-
dustrial nature, might be incriminated in the
future; and (&) to point out {eatures of general
pathobiologic significance. . .

‘o
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| Material and methods.

Available for siudy were 19 human cases of
angiosarcoma and precursor lesions following
exposure to vinyl chloride, previously reported
(4). plus 5 additional angiosarcomas and 14
precursor lesions, the former being autopsy, the
latter ‘biopsy material. The rats and mice had
been exposed to vinyl chloride in inhalation
chambers at the Bologna lastitute of Oncology,
lizly, Details of the number of animals and
durution of exposure have been given in several
publications (2, 22, 23}, Paraffin blocks from 11
rais and 4 mice were avajlable for deotailed
study. This material was supplemented by the
tissue of 46 mice exposcsd 1o 2500~6000 ppm
vinyl chlaride for 5 h a day, 5 days a week. The
animals were sacrificed after 1-6 months of
exposure (24). ‘

Al material, fixed in buffered formalin, was
studied by routine light-microscopic tech-

Fig. 1. A. Worker exposed to vinyl chloride. Focal variations of hepatocytes in size of cyroptasm and in nuclear
appearance. Some nuclel are large 2nd pol Yrowmatic or show inclusions. H & E, 240X, 8. Femalerat exposed
to 500 ppm vinyl chloride for 120 weeks. M udule consisting of basophilic hepatocytes which are larger taan in
the surrounding parenchyma and are arranged in more than onc-celi-thick plates; the surrounding parenchyma
shows some sinusoidal dilatation, and the hepatocytic plates bordering on the nodules are stightly compressed.
H & E, 100X. €. Female rat exposed since birth to 500 ppm viny] chloride for 76 weeks., Trabecular
hzpatocellular carcinoma in upper aspeet {(arrows), revealing moderate degree of anaplasia. H & E, 100X, b,
Vinyl chloride worker. Part of a nodular portion exhibiting hyperplasia of both hepatocyres and sinusoidal celis,
The border towards the surrounding noncompressed parenchyma is indicated by arrows. H & E, 240X,
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niques, including hematoxylin eosin stain, sijver
impregnation with reduced toning to provide a

. yellow color for hard, nonrcticulin collagen,

PAS reaction with or without preceding diges-
tion by diastase, aniline blue connective-tissue
stain, elastica stain with orcein, and iron reac-
tion.

Resuits’

To dcmonslratc the s;mllamy in evo!uuon

thJIDC)[CS were !arger and arranged in plates

two or more cells thick. The staining of the
cytoplasm was, sl:ghtb darker but otherwise did .

not differ from :h%—surroundmg parenchyma,
" on which no pressire was exerred, M ost nodules
were not larger than 2 lobul¢ or acinus and only
slightly disturbed the parenchymal architecture
(Fig. 1B). Nodules with basophilic cytoplasm
larger than a lobule were also found and some
were even erossly visible. In rats c\poscd at

“'birth 10 inkalation of vinyl chlondc frank”

lhe nuc!\.: varlcd (Flg I*A) ln rodcms c:rcum—‘
o scnbed nodular zoncs “crc roted in which the

hepaiocellular carcinoma dévélopcd {Fig. 1C).
The hepatocytes were then arranged in three-
{or more}-celi-thick plates and were anaplastic.
The reticulin fram:work was not thickened but
the sinusoids were conspicuously dilated in the
tumor as well as in the surrounding parenchyma
{see later).

(b). Areas of combined hyperplasia and hyper-
trophy of hepatocytes and sinusoidal celis. In
man, often in the presence of angiosarcoma

,g‘arland shaped and l‘“rtrqucmly cxlended m_
+beRr fash!on lm'.ard mc poﬂn] lracls SDrric
“involved contiguous poruons of lobules. The

surrounding parenchyma might show compres-
sion, increased lipofuscin - and sommmes

"-Lholcslaan The reticulin framcworL in these ’

nodular areas was distinctly increased (Fig.
2A). A noncharacieristic portal fibrosis was
often present; as were nodular accumulations of
subcapsular conncetive tissue ‘in Surgical and

autopsy specimens. In rodents, conspicupus -

hypertzophy and hyperplasia of the hepatocyles
were seen in nodules in which the sinusoidal
lining cells were activated (Fig. 2B). Again, the

‘reticulin “framework appzared ‘ markedly io-

Fig. 2. A Vin;! chloride worker. Increased reticulin framework in 2 nodular portion in cemter of ficid. Silver

mcwhere cls: in the hver, the enlarged hepa-
t‘ocx:cs Wcrc j',rmngcd in, two—cc!l-thzck p!a!cs g

' IE Wi QU
"gﬁﬁcd e vnr‘g}“’ﬁf“ Hf; ine B

impregnation, 100X. B. Femaie mouse exposed to 6000 ppm for 41 weeks. The hepatocytes in the podular

portion in the upper aspeet of the field are lasger, more basophilic, arranged in two-cetl-thick plates and are

surrounded by increased sinusoidal cells which include hematopoistic eells (arrow). Pressure is net exeried on

the surrounding parenchyma. and trinsition from normal to hyperplastic cells is noted in some hepmoceliutar

plates. H-&-E| J00X. C. Female ot exposed to 509 ppm vinyl chloride for 76.weeks. Increased reticulin
- frnmcwurk m a nodule in center of field;-Which_conirasts with the sparse: reucuhn in -the surrounding
] m‘enchy 5 Sllver lmprtgnumn. 100X. gl Vm\rl chloride workes. Crrcums:nBcd dtgatatron of sinusoids not
“ related m'the, hepatic vein tributaries; the h:paxccylcs in the area of dilatation appear hyperplastic (arrow),
SDmcltmcS lu lwo-cell~lhlck plau:s note slight activation of smusmdal cclls H & E, 100X,
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12 POPPER ET AL,

creased and permitied demarcation from the
surrounding parenchyma (Fig. 2C).

{c) Sinusoidal dilotation. As 5 rule. in the pres-
ence of the lesions described in (a) and (b), but
not necessarily in the same area, sinusoids were
conspicuously dilated in both man and rodents.
- This was noted in ili-defined portions of the
hepatic lobules. In contrast 10 passive conges-
tion, the hepatic plates in such areas were not
narrowed and were somelimes more than one
¢ell thick (Fig. 2D). The sinusoidal lining cells
appeared increased and enlarged and the re-

S e D S a8 sza  swen s emad, gt N L e e
(o mticelinn framework Wi 'Aor rarifled but was

often increased, Groups of hcfnalop&ictic cells
{nucicated erythrocytes and m:cas'ioﬁa! megaka-
ryocyles) were often found. -

Transformation to angio-
sarcoma

The transition to angiosarcoma in afl species
may be associated with sinusoidal dilatation; in
its absence, intralobular angiosarcoma farmed,
while in its presence the more frequent trabec-
vlar form developed.

(1) Transition to intralobular angiosarcoma. In
man, the number of sinusoidal cels conspic-
uously increased and they almost filled the
spaces between the enlarged hepatocytes. They
were the various cells deseribed above, but now
also included segmented Jeukocytes {Fig. 3A).
Among them were lining cells with large poly-
chromatic nuclei, which predominated in, ap-
parcntly, later stages and evenrually were the
mujority of lining cells which were often ar-

_seemingly the

ranged in multiple layers (Fig. 3B). The reticulin
frarmework was conspicuously increased to
form a thick, contigiious membrane which also
contained bundles of hard, non-reticulin col-
lagen. In places the fibroplasia was excessive;
the squeezed hepatocytes appeared atrophic
and eventually disappeared, so thatbroad areas
of fibrous tissue with hardreollagen bundles and
elastic fibers contained few hepatocyies in pseu-
doductular arrangement and some angiosarco-
ma cells which might line vascular spaces.
Moreover, foci of ischemic necrosis were seen,
resplt of -the. disturbance of. -

‘microcirculation: I rodents, the: variety of

sinusoidal cells was less conspicuous and fewer
macrophages were found, but lining cells with
large polychromatic nuclei similarly predomi-
nated {Fig. 3C). However, the reticulin {rame-
work was only slightly increased, hard-collagen
bundies were rare, and elastic fibers were ab-
seni. In both man and rodents, the intrzlobufar
angiosarcoma involved grossly visible portions
of the fiver.

(2} Transition to trabecular angiosarcoma. In
man and rodents, progression of the sinusaidal
dilatation associated with proliferation of the
hepatocytes and sinusoidal cells foosened the
parenchymal architecture (Fig, 3D). Subse-
quently, hepatocytes in mostly two-cell-thick
plates formed cords (Fig. 4A) which were
surrounded by a thick coat of reticulin and were
lined by layers of sarcoma cells with varying
degrees of anaplasia (12). Thesz cords were
invaded by angiosarcama cells. The fibroplasia
secmied to increase, so that the hepatocytes were
eventually replaced by fibrous tissue, and

Sy, et st

Fig. 3. 4. Viny} chloride worker. Conspicuous increase of sinusoidal and perisinnsoidal cels greatly filling the

sinvsoids; these cells vary in character and a few are anapiastic. H & E, 240X, B. Vinyl chloride worker.

Intralubular angiosarcoma in that tumor cells fill the sinusoids and are ofien arranged in Scveral layers, FH & E,

100X. €. Female rat exposed to 30,000 ppm vinyl chloride for 51 weeks. Intralobular angiosarcoma ia lower

field. Note anaplasiic cells, partly filling the sinusoids, H & E, 100%_ D. Vinyt chioride worker. Ditatztion of :

sinusgids loosens the parenchymal architecture. The hepatocytes are hyperplastic; in and around sinusoids
" many mesenchymal cells are noted, including hematopoietic cells {arrow). H & E, 100X,
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14 POPPER ET AL,

trabecles formed consisting of mainly hard
collagen and elastic fibers .(Tip. 4B). As the
blood spaces expanded further, they were tra-
versed by beams consisting of a few hepato-
cellular cords, persisting portal tracts and cen-
tral canals, all surrounded by dense collagenous
tissue and infilirated by angiosarcoma cells
{Fig. 4C). In ecarlier stages in man, the hepa-
tocylic plates frequently contained bile plugs in
dilated bite canaliculi and were surrounded by
widened perisinusoidal (Disse) spaces full of
various cells and increased reticilin (Fig. SA).

“In rodemnis, the lining angiosarcoma, cells were
" Irequeéntly '3 hoffiogéneous stranint of ‘poly: -

hedral cells without inflammatory cells (Fig.
4D). .

2

Features of fully developed
angiosarcoma

Nodules consisting of angiosarcoma cells were

noted in man and rodents. Most consisted of
spindle-shaped cells, in part in vascular spaces
which, however, in part were also lined by non-
tumarous endothelial cells. In addition, in man,
nodules consisted of farge polvhedral sarcoma
cells with abundant eosinophilic cytoplasm.
The center of these nodules usually exhibited
hemorrhagic necrosis and these celis then tined
bloody cysts (Fig. 5B). However, similar cysts
were more {requently the result of sinusoidal
dilatation or disturbance of circulation in man
and rodents. In all species, venous invasion was
comman. Another feature, so far obscrved only

in man, was primary angiosarcomatous growth
in portal tracts, althouph secondary invasion of
portal tracts was frequent in man and rodents.
Abnormal bile duct epithclium was seen only in
man. ‘ )

Al autopsy. angiosarcoma with extensive
fibrosis, necrosit and hemorrhage was always
multicentric in man and rodents, aithough it
was sometimes rest ricted to ¢ne lobe. Ctrrhosu
was never encountered.

Discussion

The "';hupzf-tic"'itsibﬂs"‘*'as'sotiarcd'-"with :-1:'1""3"!'-’ SR

chloride in man and rodents exhibit an identical
sequence from proliferation of hepatocytes and
of sinusoidal cells, frequently associated with

_sinusoidal dilatation, 10 angiosarcoma as well

as, at least in rodents, to hepatoceliular carcino-
ma. Obstruction of sinusoidal spaces in the
intralobular angiosarcoma leads to Bchemic
necrosis, and 2 characteristic Yoosening of the
parenchymal _a}chileclurr in the more frequent
trabecular form causes bloody cysts or peliosis.

The demonstrated similarity of the evolution
in man and rodents strongly supports the
extrapolation of observations [rom cxperimen-
1al animals 10 man, Only a few morphologic

differences are apparent. They include:

(I} The tesser degree of inflammatory reaction
and of {tbrosis in rodents, in which excess elastic
fibers do not form and hyalinizavion of con-
nective tissue is less conszicuous.,

Fig. 4. A. Vinylchloride worker. Trabecvlar angiosarcoma. Note cords of hepatacyies, usvally in more than one-
cell-thick plites, lined by angiosarcoma cells and surrounded by conspictuously dilared vasculur spaces. H& E.

100X, B Vinvl ehloride worker.

_rabeeular angiosarcoma; extensive fibroplasia replaces hepatocyles {arrow),

which are in part hyperplastic, in part atrophic: angiosarcoma celfs are also in trabecles. H& E, 100X . . Vinyl
chloride worker. Far advanced trabecular angiosaruomn with excessively dilated blood spaces. Except for clots
{thick arrow), the blood has Fallen out during processing; the spaces are traversed by heputocytic cords (curved
arrow) and by remnants of portal and central ¢anals (slender arrows), all are lined and infiltrated by
sngiosurcoma cells. H & E, 40X. D. Female mouse exposed to 10,000 ppm vinyl chloride for 62 weeks.
Trabecular angiosarsoma; polyhedral sarcoma cells line and invade remnants of portal and central canals which_

traverse blood spaces. H & E, 100X,
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16 - POPPERET AL.

{2) Initiation of the angiosarcomalous process
in portal tracts has not been observed in
rodents. ' _

{3) Nodules of polyhedral sarcoma cells were
only observed in man.

{4) While in rodents hepatocellolar carcinoma
is frequent after exposure in the nconatal period
(23}, and was also observed after exposure in
maturity, although rarely (16, 19, 23), very few
cases of hepatocellular carcinoma were ob-
served in man (25). In one patient, without

established etiology, both hepatocellular carci-

noma and apgiosarcoma were noted (4).

“(5).Minor light-microscopic-changes following -

exposure to vinyl chloride were observed in
animals many years ago (26, 27, 28) and more
recently also in man (29), although not by us.
They have been confirmed by eleciron micro-
scopy in animals (16, 20, 30) as well a5 in man
(29, 31). However, extensive acute hepatocel-
lular nccrosis has only been demonsirated

. rats when large doses of vinyt chloride were

administered in combination with phenobar-
bital and methyicholanthrene, which increass
the activity of microsomal enzvmes (32, 33).
The lesion is explained by an increased forma-
tion of epoxide not sufficiently inactivated by
epoxidz hydrase or by binding 1o gluiathione
(34).
(6) 1n rodents, tumors in other organs have
been abserved, particulacly, alveolar adenoma
of the lung (2, 18, 22, 35) in high incidence,
The similarity of the basic sequences between
rodents and man has several implications:
{(2) Dosc dependency of both precursor Jesions
and particulacly of angiosarcoma can be clearly
demonstrated in experimental animals (18, 20,
23, 36} Indeed, the production of angiosar-
comas by relatively small doses of vinyl chloride
in rodents has served the regulatory agencies in
establishing permissible concentrations of vinyl
chleride in the ambicnt air of factories, This
reduces the chance of additional initiation of
angiosarcomas in exposed workers. Moreaver,
the risk of angiosarcomas in workers exposed to

vinyl chioride has been zalculated from studics

in rats (37, 38).

{b} The increased sensitivity of young animals

(20, 23) may apply to man. o
{e) Elcéujon-microscopic studies to identify the

nature of the tumor cells have been carried out

primarily in rodenis (24) and suggest an endo-

thelial origin of the tumar cells. This is so far

best confirmed by the use of Tactor VIl as a

marker for endothelial cells {39} in vinyl chio~
ride-induced angiosarcoma (40).

{d) Increased incidence of tuimors in animals

exposed to both ethanol and vinyl chloride (19)
suggests—g “higher ‘riskto wdrkery” who™arg~ 7"
alcoholics. K
{c) The extensive investizations as to the meta-
bolism of vinyl chloride in animals (34) [in-
cluding monkeys (41)] may be applicable to
man, as ase the observations of potential mu-
tagenicity (42}, '

{f) The factthat circhosis has not been observed
in the examined human and animal material,
although it may b: associaled with hepatic
angiosarcoma of unknown etiology {13), speaks
against vinyl chloride and related substances
being aa ctiologic factor in human cryptogenic
cirrhosis,

{g) Most important is the recognition of focal
hepatocelluiar and mixed sinusoidal cell hyper-
plasia associated with increased reticulin as a
precursor lesion. 14 thus served in the screening
of workers (43). It might have practical signifi-
cance since the common hepatic tests are not
rcliable, and either laparotcopy (5) or angio-
graphy is required. Thcsc'precursor lesions
appear to be characteristic of a group of
environmental agents, including those pro-
duced by inorganic arsenicals, thorotrast, and
anabolic/androgenic steroids (10). The lesion
may bcoccome important in detecting lesions
induced by industrial agents related to vinyl
chloride, such as vinyl bromide (17) and vi-
nylidine chloride (44). Angiosarcomas in ex-
perimenia] animals have been produced by a
variety of other agent=, which include dimethyl-
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Fig. 5. Vinyl chloride workers. A. Hepatotyies in acinar arrangement often surround dilated bile canaticuli
containing bile pluys; the 1issue (Disse) spaces are widened and contain various perisinusoidal cells; thecords are

lined by angicsarcoma eells. H & E, 240X, 8. Trabecular angziosarcoma. Note bloody cysts fined by polyhedral
sarcoma cells which also extend #s bomogencous solid trabecles appearing as nodules on the cross-section

(arrows) into the blood spaces. H & E, 40,

nitrosamine, diethylnitrosamine, azoxymetha-
nol (45), and N-nitroso-2,6-dimethylmorpho-
line (46). .

" The presented observatiors illuminate gen-
cral pathabiological problems, namciy, hepatic
nodules in carcinogenesis, interaction of hepa-
tocytes with sinusoidal celis and fibroplasia,

* Vinyl chloride produces in rodents hyperplastic

or neoplastic hepatoceltular nodules (16, 17)
similar to those typically scen after administra-
tion of many agents, most of which are
suspected of being carcinogenic. They also
exhibit the. characteristic deficicncy in such
enzymes as glucose-6-phosphatase and ATPase
(47). They further show the characteristic varia-
tions in cell populations.(48). or “nodules in

nodules™ (49), and may proceed to hepato-
cellular carcinoma. In contrast to the ~om- .
monly seen hepatocytic nodules, the sinusoidal : .
cells also proliferate following vinyl chloride
exposure. In man, the increase in sinnsoidal
celfs and the fibroplasia develop rapidly. In
animals also, the parenchymal hyperplasia is
followed by sinusoidal cell hyperactivity, re-
flected in increased alkaline phosphatase ac-
tivity (16, 17), suggesting an action of the
bicactive metabolite also on the sinusoidal cell,
perhaps preferentially.

Whatever the metabolic basis for the specific B
reaction of each cell type (50), possibly de- b
pending on local variation in formation and -ff

degradation of metabolites, four types of com-

ED_002435_00000196-00011
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petition are suggesied by the morphologic ap-
pearance. One is the proliferation of hepatocytes

versus that of sinuscidal cells; thus, in some

instances, angiosarcoma and, in others (mainly

young animals), hepatocellular carcinomz de- .

velops. The sccond entails competition between
proliferating hepatocyies and fibroplasia, which
leads to the disappearance of the hepatocytes,
The third is the simullaneous perisinusoidat
fibrosis and sinusoidal dilatation resulling in a

has bccnl' ss,umgd i vmvl éhlar’ de dlseasc‘(SZJ

T

methane, ang:marmma formation is favored

‘; {45). The poI) hedral sarcoma cells resemble the |
‘ -‘l,recently dcscnb:d hls*wcylmd tumor cells {53),

~ which’ safar hn-. .Y nm b:cn dcscnb odi in thv liver

and apparently have<z. Ioucr mahgnanl po-’

tential, ) T

The abundance of fat-storing, or lto, cells in
the precursor lesion (31, 54, 55) may support
their fibroblastic potential (S6). The fibrosis is

far_more conspicuous in man than in rodents. " -
This holds true not only for reticulin fibers but

even more so for the formation of hard col-
lagen, presumably type I, and for the fibers
giving elastica reaction. Interestingly, the nor-
mal rai liver contairs one-third us much col-
Iagcn as the human l. .1, and fu!!y developed

" tat cirrhosis has a _collagen content by unit.

wcught Whlch‘ 15 hardiy hxghcr tban th- non‘nal

,Iooscmng of the arch:tecture progressmg to. References

and; mterestmﬁlv whilc arml\ mphncvtlc scrum '
‘does not mﬂuence« M.clopzmm of bcpatoccl--‘
tular can.moma in animals treated with azosy- |

> : nodcs" Amn

.
I

mal studies has great heuristic value by pro-
viding, ftom relatively few instances, lessons 1o
pathobiology, |,

vooee
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